Palmitoylation is the post-translational addition of a palmitate moiety to a cysteine residue through a covalent thioester bond. The addition and removal of this modification is controlled by both palmitoyl acyl-transferases and thioesterases. Using bioinformatic analysis, we identified 22 DHHC family palmitoyl acyl-transferase homologs in the Drosophila genome. We used in situ hybridization, RT-PCR, and published FlyAtlas microarray data to characterize the expression patterns of all 22 fly homologs. Our results indicate that all are expressed genes, but several, including CG1407, CG4676, CG5620, CG6017/dHIP14, CG6618, CG6627 and CG17257 appear to be enriched in neural tissues suggesting that they are important for neural function. Furthermore, we have found that several may be expressed in a sex-specific manner with adult malespecific expression of CG4483 and CG17195. Using tagged versions of the DHHC genes, we demonstrate that fly DHHC proteins are primarily located in either the Golgi Apparatus or Endoplasmic Reticulum in S2 cells, except for CG1407, which was found on the plasma membrane. We also characterized the subcellular localization and expression of the three known thioesterases: Palmitoyl-protein Thioesterase 1 (Ppt1), Palmitoyl-protein Thioesterase 2 (Ppt2) and Acyl-protein Thioesterase 1 (APT1). Our results indicate that Ppt1 and Ppt2 are the major lysosomal thioesterases while APT1 is the likely cytoplasmic thioesterase. Finally, in vivo rescue experiments show that Ppt2 expression cannot rescue the neural inclusion phenotypes associated with loss of Ppt1, further supporting distinct functions and substrates for these two thioesterases. These results will serve as the basis for a more complete understanding of the protein palmitoylome's normal cellular functions in the fly and will lead to further insights into the molecular etiology of diseases associated with the mis-regulation of palmitoylation.
Introduction
Palmitoylation is a post-translation modification that can occur on secreted, cytoplasmic and integral membrane proteins. Currently, there are two known types of palmitoylation: N-palmitoylation and S-palmitoylation. 1,2 N-palmitoylation is a permanent addition to a protein on N-terminal cysteines through a palmitoylamide bond. S-palmitoylation is a modification that occurs by the addition of palmitate to cysteine through a thioester bond. Unlike N-palmitoylation and other permanent lipidations like myristoylation, S-palymitoylation is a dynamic modification that can be used to alter protein function. The addition of the 16 carbon palmitate moiety to specific proteins can modulate trafficking, protein sub-cellular localization, vesicle fusion and signal transduction mechanisms. 1, 2 Different palmitoyl transferase families facilitate the two independent palmitoylation mechanisms. The permanent N-terminal addition is thought to be catalyzed by enzymes that act within the lumen of the secretory pathway. 1, 2 This modification was first identified in Drosophila with the characterization of the Skinny Hedgehog and Porcupine proteins that have been shown to be required for the palmitoylation of secreted Hedgehog and Wnt, respectively. 4, 5 These proteins lack similarity to S-acyl-transferases and have limited homology to O-acyltransferases. 6 The S-palmitoylation cycle is controlled, in part, by the action of the second class of transferases that contain a highly conserved protein domain that is cysteine rich and contains a characteristic Aspartate-Histidine-Histidine-Cysteine motif (DHHC) for which the domain is named. 1, 2 First functionally characterized in the yeast Sacchromyces cerevisiae, the DHHC protein family directs the transfer of long chain fatty acids, primarily the 16-carbon palmitate group, to a cysteine residue through a trans-esterification reaction. 2, 3 Along with the seven identified DHHC proteins in yeast, 22 members of this family have been found in humans and 23 in mice. 2, 7, 8 The proteins within this family have at least four trans-membrane regions (TM) with the DHHC domain usually adjacent to the third TM domain on the cytoplasmic membrane face. Both the yeast and mammalian family members have been localized to the Endoplasmic Reticulum (ER), Golgi Apparatus, plasma membrane and the yeast vacuole. 8 The first protein acyl-transferases, Erf2 and Akr1, were identified using yeast genetic screens. [9] [10] [11] Two proteins, Erf2 and Erf4, were isolated with an elegant screen for proteins responsible for the palmitoylation of Ras. 9, 12 Erf2 contains a DHHC motif that appears responsible for the acyl-transferase activity of this protein. 10 Continued work identified several other palmitoyl acyl-transferases (PATs) and their substrates including Akr2 , Swf1, Pfa3, Pfa4 and Pfa5. 8, [14] [15] [16] [17] [18] With the advent of new biotin substitution methodology, a proteomic approach can now be taken to examine the substrate repertoire of these proteins. 19 Using this technology along with classical yeast genetics, 35 proteins and their cognate palmitoylating enzymes were recently identified. 19 This pioneering work in yeast combined with work in mice and human cell lines has identified a vast list of palmitoylated proteins including non-receptor tyrosine kinases, G-protein coupled receptors, integrins, tetraspanins, Ras, Rho and Rab G-proteins, caveolin, G alpha and gamma subunits of hetero-trimeric G-proteins, Synaptotagmin and PSD-95, and many others (reviewed in refs. 20 and 21) . This partial list demonstrates our growing understanding of the importance of palmitoylation in the regulation of a wide variety of cell biological processes.
The second aspect of the S-palmitoylation cycle is removal of the attached palmitate. There are three known acyl-thioesterases that are responsible for the removal of palmitate from modified cysteines: the primarily lysosomal Palmitoyl-protein Thioesterase 1 and 2 (PPT1 and PPT2) proteins and the cytoplasmic Acyl-protein thioesterase 1 (APT1). 20 Work in mice and humans suggest that PPT1 and PPT2 are the two primary thioesterases involved in removing palmitoyl groups during the lysosomal degradative process. 20 APT1 has been reported to be the thioesterase responsible for the dynamic modulation of protein palmitoylation states in the cytoplasm. 20 In particular, it has been shown to have specificity for and be a possible regulator of heterotrimeric G-protein α-subunits, p21 Ras and eNOS. [22] [23] [24] Finally, it is becoming clear that palmitoylation is important for the normal function of many cellular processes including those required for nervous system function. Biochemical and genetic approaches from systems as diverse as flies and mice have connected both palmitoyl transferases and thioesterases to synaptic development and function. Mutations in several genes have been associated with human neurological disease including Ppt1 (Infantile Neuronal Ceroid Lipofuscinosis), HIP14 (Huntington's Disease), DHHC8 (Schizophrenia) and DHHC15 (X-linked mental retardation). [25] [26] [27] [28] [29] The powerful genetics and well-characterized nervous system of the fly has already made important contributions to the understanding of Ppt1 and dHIP14 function. [30] [31] [32] [33] [34] Despite this progress, there is very little known about the role of protein palmitoylation in the fly. The work presented below builds on previous work and provides a further characterization of all the thioesterase and DHHC family transferases in the Drosophila genome. The genetics of the fly in addition to the likely conservation of signaling pathways modulated by palmitoylation will make Drosophila an important research tool. A more complete understanding of the protein palmitoylome's normal cellular functions in the fly will lead to further insights into basic palmitoylation biology and contribute to the characterization of disease etiology of a variety of human disease states related to palmitoylation.
We identified 22 Drosophila DHHC orthologs and isolated cDNA clones for 13 of the 14 genes for which cDNAs were not publicly available. We examined their developmental expression patterns and generated 6xMyc or YFP-tagged versions for 21 of the orthologs to examine their in vivo sub-cellular localization in S2 cells. In addition, we report the subcellular localization of the three thioesterases and examine the in vivo functional overlap between Ppt1 and Ppt2.
Results
Identification of Drosophila DHHC family transferases. We identified 22 DHHC-Cysteine Rich Domain (CRD) containing proteins in the Drosophila genome by using the Basic Local Alignment Sequence Tool (BLASTp) at NCBI. The same set of proteins were identified when we used the pfam consensus DHHC domain sequence (pfam01529) to perform a BLASTp search of the Drosophila reference sequence protein database and also with a TBLASTn analysis of the complete Drosophila genome sequence translated into six frames. Two isoforms were identified for six of the transferase proteins (CG1407, CG5196, CG5620, CG6618, CG10344, CG17257) and three were identified for CG34449. The variable regions are outside of the conserved DHHC-CRD domain and are based on electronic annotations of the genome that have not been empirically verified. Alignment of the CRD domain from all 22 proteins shows the conserved DHHC region of the domain as well as the multiple cysteine residues for which the domain is named (Fig. 1A) . One of the proteins, CG17197, has a Histidine to Arginine substitution to produce a DRHC sequence at the core of the domain consensus sequence. The significance of this change on the putative palmitoyl transferase activity is unknown; however, a yeast protein, Akr1, has a histidine to tyrosine change to produce a DHYC sequence that still retains activity. 11 Consistent with previous work on this protein family, our analysis of the primary sequence of the fly family members indicated the presence of at least 4 TM regions with the DHHC domain being in close proximity to one of these membranespanning sequences (Fig. 2) . Furthermore, two of the proteins (CG6017/dHIP14 and CG6618) have ankryin repeat regions that are known to play a role in protein-protein interactions. 33, 34 A neighbor joining phylogenetic analysis of aligned yeast, human and Drosophila DHHC proteins suggests, as reported by several other groups, possible subfamilies of transferase proteins (Fig. 1B) . Bootstrapping with 1000 bootstrap repetitions was used to assess the reliability of the tree produced by this method. Figure 1B indicates which relationships had greater than a 50% bootstrap value. Overall, the relationships identified in our tree analysis are consistent with previously published work on the mouse and human DHHC family. 2, 7, 8 CG6017 has previously been demonstrated to be the Drosophila homolog of HIP14 and it falls into the same group in our tree. Also, the Ras palmitoyl transferases Erf2 (yeast) and DHHC9 (Human) group together. The fly proteins CG5620 and CG34449 fall within this group suggesting that one may be the fly Ras PAT ortholog.
While most of the fly proteins are similar to one or more human DHHC proteins, there is a group of Drosophila DHHC proteins that cluster together and, according to FlyAtlas, share a distinct adult expression pattern of high expression in the testes (Table 1) . 36 Five of these proteins (CG17195, CG17196, CG17197, CG17198 and CG4956) are arranged adjacent to one another in the 96F2 region of the third chromosome and may represent an ancestral gene We took several approaches to begin to elucidate the cellular function of this family of proteins during fly development. Often, genes that show high levels of transcription in particular tissues play an important functional role in those cell types. To determine if particular DHHC genes were enriched in a subset of cell types, in situ hybridizations were done with probes specific for all 22 genes on mixed-stage embryo collections and larval brains ( Table 1) . Only the closely related CG17195, CG17196, CG17197 and CG17198 sequences showed alignments that would suggest that gene-specific antisense probes for these genes may cross-hybridize (see Materials and Methods). Four of the twenty-two genes gave a robust and tissuespecific staining pattern on these tissues (Fig. 3A) . CG5620 showed maternal expression and enrichment within the somatic musculature and gut throughout embryonic development. High expression was observed in the embryonic central nervous system (CNS) and the gut for CG6627. A similar expression pattern was also observed for CG17257 although with reduced intensity, particularly in the CNS in later stages (Fig. 3A) . Finally, the fly HIP14 homolog CG6017, showed tissue-specific staining of both the developing embryonic CNS and the somatic musculature, as has been reported. 33, 34 The anti-sense probes for CG5620 and CG17257 are not isoform specific and thus would not discriminate between differential expression patterns for alternate forms of these two genes. Those genes with enrichment in the embryonic CNS (CG6017, CG6627 and CG17257) and several without (CG1407 and CG6618) showed continued high expression levels in the larval brain and/or the adult CNS ( Fig. 3B and Table 1 ). As has been found for the drosophila HIP14 homolog CG6017, these genes are likely to be ubiquitously expressed but may play an important role in the development of the nervous system and musculature. 33, 34 The other DHHC genes did not have levels of expression in embryos or larval brain/discs that were detectable with the resolution of standard in situ hybridization methods.
Since the lack of an in situ signal does not necessarily rule out gene expression during these stages, we used gene-specific primers to semiquantitatively detect the expression of all 22 genes on first strand cDNA prepared from 12 Drosophila developmental stages/tissues (Fig. 4) . In addition, we examined the FlyAtlas microarray database for the adult expression levels of the DHHC genes. These analyses taken together suggest that almost all of the 22 DHHC genes show expression throughout Drosophila development and, at least in the adult, they show enrichment in particular subsets of tissues ( Table 1) . The RT-PCR assay was performed using Origene Rapid Scan Panels that contain normalized, stage-specific first strand cDNAs that are four-fold serially diluted to ensure both a linear amplification range and a reproducibility of relative amplification levels (see Materials and Methods). All our primer sets produced amplification products only with the most concentrated 1000x and 100x dilution series. We were not able to produce amplification products for CG4956, CG17198 and CG17287 using the Origene panels. However, when we produced our own mixed-sex adult total RNA, RT-PCR analysis demonstrated that these three genes are expressed during adulthood (data not shown). The combination of in situ hybridization, RT-PCR and published work shows that all 22 DHHC homologs present in the fly genome are expressed genes. 33, 34, 36 Most of the DHHC genes showed relatively uniform expression levels across the developmental PCR panel and any slight relative differences in expression were not repeatable between dilution series. However, several transferase genes did show stage or sexspecific expression levels that were repeatable and maintained in 10-fold dilution amplification reactions (Fig. 4) . As described previously, the FlyAtlas experiments indicate that a particular subset (indicated by the asterisk in Fig. 1B ) is highly expressed in adult testes; some of them were restricted to the testes in their analysis (CG4483, CG4946, CG17195, CG17196, CG17197 and CG17198) ( Table 1 ). Our own RT-PCR analysis suggests that the testes enrichment is likely, since all of these genes show male body amplification and little to no female body amplification. However, we found that expression also occurs in male and female heads, demonstrating that there is expression outside of the testes for all of the genes within this group. Two genes in particular, CG4483 and CG17195, have a male-specific enrichment using the RT-PCR assay (Fig. 4) . CG4483 only gave an amplification product with the most concentrated cDNA array so we could not compare the relative stage specific levels to a ten-fold diluted sample. CG17195 shows adult male-specific amplification products that suggest a high expression in the male head and body. The relative levels of this expression are maintained in the 10-fold dilution amplification products (Fig. 4) .
Our in situ results and the FlyAtlas microarray database indicate that there are a series of DHHC genes that are highly expressed in neural tissue ( Table 1 ). The RT-PCR results support this for several DHHC genes. CG4676, CG6618, CG6627 and CG17257 show high relative levels of cDNA expression in the adult head versus body suggesting enrichment in neural tissue. We were not able to generate amplification products with a 10-fold dilution for CG4676. For CG6618, CG6627 and CG17257 this relative expression level is maintained in a 10-fold dilution of the first strand cDNA (Fig. 4) .
DHHC sub-cellular localization. To determine the sub-cellular localization of the Drosophila DHHC family of proteins, we tagged the carboxy terminus of each protein with a 6xMyc or YFP tag using the Drosophila Gateway Vector Collection. We were able to obtain full-length cDNAs or amplify our own full-length coding sequences for 21 of the 22 DHHC genes. There are no available cDNAs for CG34449, and we were unable to amplify a full-length cDNA for this gene; therefore, we did not examine the sub-cellular localization of this protein. Constructs for each of the DHHC proteins were transiently transfected into S2 cells and then co-stained with markers for the Golgi and the ER. The Golgi was marked with a mouse-anti Drosophila Golgi monoclonal antibody, and the ER was marked with either a mouse anti-KDEL antibody, which recognizes the KDEL sequence of the ER resident protein BiP, or the live cell dye ER-Tracker Red. To determine our ability to separate the two compartments, we stained S2 cells with the mouse anti-KDEL antibody and a rabbit anti-Drosophila GM 130 cis Golgi marker. Deconvolved images and 3D volume reconstructions of these cells show that the ER and cis Golgi can be differentiated in S2 cells ( Fig. 5C and D) . These results indicate that the co-localization studies presented below should discern whether the DHHC proteins are found in the Golgi, ER, or both compartments.
Localization of each tagged DHHC protein was determined by screening the transfected cells with both ER and Golgi organelle markers independently ( Table 2) . As has been seen with the mammalian homologs, we found that a majority of the fly proteins were primarily located either in the ER or the Golgi with one appearing at the plasma membrane. 8 6xMyc-tagged versions of CG5880, CG6017, CG6618, CG8314, CG17257 and CG18810 all predominantly co-localized with the Golgi marker (Fig. 5A) . Staining of these same transfected cells showed a lack of co-localization with the anti-KDEL ER marker (Fig. 5B) . In contrast, CG4483, CG4676, CG5196, CG5620, CG8314, CG10344, CG17195, CG17196, CG17197, CG17198 and CG17287 predominantly co-localized with markers for the ER (Fig. 6A) . Staining of these same transfected cells showed a lack of co-localization with the anti-Golgi marker (Fig.  5E-G) . We initially used 6x-Myc tagged versions with the anti-KDEL antibody for ER co-localization, but found that the KDEL staining was not as robust as a live cell dye such as ER-Tracker Red. In light of this, we switched to using GFP tagged versions of the proteins in conjunction with ER-tracker Red. Aberrant ER structures, such as large round ER-positive compartments, were observed in cells expressing CG17195 suggesting that overexpression of this protein has detrimental effects on ER function (data not shown). Work on the human DHHC genes reported similar ER structures when several of the human proteins are expressed in HEK 293T cells. 8 Finally, we found that after transient transfection, CG1407-6xMyc was localized to the plasma membrane and lacked any colocalization with either the ER or the Golgi markers (Fig. 6B) .
We used Pearson's Correlation statistic to analyze the co-localization of the tagged proteins with the organellar markers (see Materials and Methods). This statistical approach analyses the pixel intensity correlation between two channels; an r value of -1.0 signifies no correlation, while a value of 1.0 signifies perfect correlation. All the tagged DHHC proteins showed significant positive, although not perfect, r-values using this approach (Figs. 5 and 6 ). This analysis indicates that a significant amount, although not one hundred percent, co-localized with either the Golgi marker or the ER marker. This discrepancy is likely due to differences in expression of the two channels and not localization to another organelle. For example, CG17195 and CG17075 are predominantly ER resident proteins (Fig. 6A ) that have a negative correlation with the anti-Golgi antibody ( Fig. 5E-F) . Imaging through individual cells indicates regions of close proximity between the Golgi marker and the DHHC protein expression (arrowheads in Fig. 5E-F) . A volume reconstruction of the double labeled cell shown in Figure 5F indicates that the Golgi signal is distinct from the YFP ER-localized signal (arrowhead in Fig. 5G ). This is consistent with controls that demonstrate the ability to visually separate the two compartments. Finally, since the YFP tagging was done with the pTWV vector, a Gateway-based variation of the pUAST transformation vector, the results described here also represent a library of YFP-tagged DHHC constructs that can be used to create transgenic flies to examine their in vivo localization.
Drosophila palmitoyl thioesterases. There are three known acylthioesterases: the soluble lysosomal enzymes PPT1 and PPT2, and the cytoplasmic APT1. 20 All three proteins have homologs in the fly, but only Ppt1 has been studied in great detail. Loss-of-function mutations in Ppt1 are viable but with a reduced lifespan and, like the Infantile NCL causing human Ppt1 mutations, the flies show a CNS-specific accumulation of autoflourescent material and a cytoplasmic storage phenotype. 31 Unlike the human disease, there is no observable neurodegeneration found in the adult flies. 31 Overexpression of Ppt1 in the adult visual system produces a degenerative phenotype that was recently used to demonstrate a connection between Ppt1 function and synaptic vesicle cycling and endocytosis. 32, 37 As part of the elucidation of the Drosophila protein palmitoylome, we further characterized Drosophila Ppt1, Ppt2 and Apt1. Drosophila Ppt2. The second conserved lysosomal thioesterase, Ppt2 (CG4851), is 29% identical and 43% similar to Ppt1 at the amino acid level. 30 The full-length Ppt2 cDNA, EST GH02317 was obtained from the Berkeley Drosophila Genome Project and sequenced. Alignment of our cDNA sequence with the Drosophila genome sequence predicts five exons in concurrence with the Flybase annotation of the gene. Translation of the largest open reading frame in GH02317 identifies a protein that is 40% identical and 57% similar to human Ppt2. 30 ClustalX alignment of the fly, bovine and human protein demonstrates the conservation of the catalytic triad between all three species (Fig. 7B) . Superimposition of the Drosophila amino acid sequence onto the bovine PPT2 crystal structure indicates homology through the active site and palmitatebinding groove between fly and bovine PPT2 (Fig. 7C) .
To examine Ppt2 expression and transcript size in the fly, northern analysis was performed on total RNA isolated from adult males and females. A riboprobe generated from the GH02317 cDNA detects a single prominent 1.5 Kb transcript with no apparent major splice variants present in the adult (Fig. 7A) . BLASTn analysis of the Drosophila annotated gene sequence database with the sequence used for the riboprobe shows no other significant matches. This suggests that the very faint lower bands present on the blot may represent degradation products rather than cross-hybridization to other transcripts. The transcript length we observed is consistent with the GH02317 sequence and the predicted exon structure of the Ppt2 gene (http:// flybase.bio.indiana.edu). Several approaches were taken to determine the pattern of Ppt2 expression during Drosophila development. Consistent with a lysosomal housekeeping enzyme, in situ hybridization on a collection of mix staged embryos revealed a ubiquitous and low-level of expression during embryonic development with no distinct tissue specific enrichment of the transcript (Table 1) . Expression during a range of developmental stages was also semi-quantitatively assayed on a panel of first-strand cDNA prepared from 12 Drosophila developmental stages/tissues using Ppt2 specific PCR primers (Fig. 8A) . When the expression of Ppt2 was compared to that of Ppt1, the two thioesterases showed similar relative expression across the 12 developmental stages using this assay. The apparent increased expression of Ppt2 in male bodies is consistent with the notion that Ppt2 may be responsible for the residual thioesterase activity observed in adult Ppt1 null mutants. 30 Similar to their mammalian counterparts, both Drosophila Ppt1 and Ppt2 are localized to the lysosomes of S2 cells in culture. We determined their localization by transiently transfecting GFP-Ppt1 or Ppt2-YFP into S2 cells and visualizing their co-localization with Lysotracker-Red in live cells. (Fig. 8B and C, Table 2 ). We also demonstrated that the GFP-Ppt1 fusion is functional using a Ppt1-specific flourogenic substrate assay (data not shown).
Overexpression of Ppt2 fails to rescue Ppt1 cellular inclusion phenotypes. At the amino acid level, PPT2 is 27% homologous to PPT1 in mice. 38 Despite the low level of identity, the two proteins have comparable tertiary structures and share the conserved catalytic triad characteristic of lipases. 39 Recent structural and biochemical analysis of bovine PPT2 has demonstrated distinct substrate specificity and little functional overlap with bovine PPT1 in vitro. The crystal structure shows that this is due to conformational differences between the two proteins that includes tertiary structure differences that prevent PPT2 from binding fatty acids with bulky head groups and permits the hydrolysis of a wider range of fatty acid chain lengths as compared to PPT1. 39 The functional difference between the two proteins is further supported by the failure of endocytosed PPT2 to rescue the lipid metabolic defects in cultured ppt1 -patient cells and the divergent phenotypes observed in Ppt1 and Ppt2 knockout mice. 38, 40, 41 To determine if the two enzymes have divergent substrate specificity in vivo, we examined whether Drosophila Ppt2 could substitute Figure 4 . Stage-specific RT-PCR expression panels. DHHC transferase developmental expression levels were assayed using gene-specific PCR primers on a panel of first-strand cDNA prepared from 12 Drosophila developmental stages/tissues. Those genes (CG4956, CG17198 and CG17287) that failed to give a signal are not shown. The primer sets used in this analysis are shown in for Ppt1 function using the Gal4/UAS system. We created several independent UAS:Ppt2 lines that were used in conjunction with elav:GAL4 to determine if overexpression of Ppt2 could rescue the CNS cellular inclusion phenotypes associated with loss of Ppt1 in the adult fly. Neural-specific expression of Ppt2 failed to reduce the presence of the CNS-specific inclusion bodies produced in the null Ppt1 mutant, Df(1)446-20 ( Fig. 8E and F) . Expression of the UAS:Ppt2 transgene was confirmed with in situ hybridization on a mixed stage collection of embryos expressing Ppt2 under the control of elav:GAL4 (data not shown). A fluorometric enzyme assay developed for Ppt1 was also used to demonstrate the expression of functional Ppt2 protein by the UAS:Ppt2 line. The biochemical characterization of bovine PPT2 indicates that the enzyme has a very low but significant activity on the Ppt1 substrate 4MU-6S-palm-ßglc in vitro. 39 A modified version of the assay was done on adult head lysates isolated from flies expressing Ppt2 in a Ppt1 null background. The absence of Ppt1 activity permitted the observation of substrate cleavage by overexpressed Ppt2 protein. Consistent with Ppt2 thioesterase activity overexpression, lysates showed a small but statistically significant increase in substrate cleavage as compared to Ppt1 null lysates alone (Fig. 7D ). This result also confirms the functional conservation of Ppt2 thioesterase activity in the fly. Finally, overexpression of Ppt1 in the adult visual system produces a degenerative rough eye phenotype and imaginal disc expression is larval lethal. Similar experiments done with UAS:Ppt2 show no adverse affects of high Ppt2 levels further supporting distinct cellular substrates for the two lysosomal thioesterases in vivo (data not shown). CG18815 is the Drosophila APT1 homolog. APT1, also known as lysophospholipase I, is an evolutionarily conserved cytoplasmic thioesterase. A search of the fly genome identified CG18815 (NP_652674) as the likely Drosophila homolog of this protein.
Analysis of the primary protein sequence indicates that CG18815 is 54% identical and 66% similar to the human APT1 protein (NP_006321) (Fig. 9A) . To initially characterize the expression of the fly homolog, we performed in situ hybridization and RT-PCR. We observed high levels of expression throughout Drosophila development using the RT-PCR panel (Fig. 8A) demonstrating that CG18815 is an expressed gene. This expression pattern is also consistent with CG18815 being the major cytoplasmic thioesterase responsible for the cycling of palmitate on modified proteins. In situ hybridization on embryos shows a high level of expression throughout embryonic development with enrichment in neural, endodermal and somatic mesoderm (Table 1 ; Fig. 9B-E) . The neural enrichment is maintained in larval brains and the adult CNS ( Fig. 9F and G; Table 1 ).
We analyzed the cellular localization of the CG18815 protein in S2 cells using a myc-tagged version of the protein. Transient transfection of this construct was used in conjunction with Golgi and ER antibodies to determine the localization of the myc-tagged protein.
There was no observable co-localization between the CG18815-6xMyc protein with either an anti-Golgi or an anti-KDEL antibody ( Fig. 9H and I ). Three dimensional volume reconstructions of deconvolved Z-stacks from individual cells demonstrate the likely cytoplasmic localization of this protein ( Fig. 9J and K) . In addition, the deconvolved Z-stacks show a punctate vesicle-like localization that also may indicate localization to an endosomal compartment. Live cell imaging of a CG18815-YFP version of the protein in S2 cells further supports these observations (data not shown).
Discussion
This work presents the first extensive expression and localization analysis of the Drosophila proteins involved in S-palmitoylation. The localization pattern of the PAT proteins in S2 cells is consistent with findings in higher eukaryotic systems and confirms the important role for the cytoplasmic face of the Golgi and ER in regulating the addition of palmitate. 8 The use of transient transfection of overexpression constructs can produce misleading results if high levels of the proteins induce mislocalization of the tagged protein. At present we cannot address this possibility, but our results indicating CG6017/ dHIP14 Golgi localization are consistent with previously published work in the fly. 33, 34 Furthermore, our demonstration of ER localization for CG6627 is supported by previous work showing this gene's mRNA is downregulated during the ER unfolded protein response in Drosophila S2 cells. 42 Future studies of these proteins will require the production of antibodies to examine the endogenous levels and localization of this family of proteins during fly development.
Our RT-PCR analysis reveals that a majority of the DHHC genes in Drosophila are ubiquitously expressed during development. There is an interesting subset of genes that appear to be exclusively or highly expressed in the male testes based on the microarray analysis available at FlyAtlas (Table 1) . Our work suggests this may be true for CG4483, CG17195 and CG17075. It also may be likely for CG4956, CG17198 and CG17287 since we were only able to get an RT-PCR signal from adult mRNA and saw no signal with the developmental expression panel. However, we were able to observe female specific signal with CG13029, CG17196, CG17197 and CG18810. Previous work on the thioesterase Ppt1 revealed a very high level of thioesterase activity in male testes lysates as compared to other adult tissues. 30 The expression of a subset of DHHC genes combined with high levels of thioesterase activity suggests an important role for palmitoylation in the testes. This idea is supported by the specific expression of human DHHC11 and DHHC19 in human testes. 8 Current work on Ppt1 and dHIP14 points to the importance of palmitoylation in normal neural function. dHIP14 is a ubiquitously expressed protein with enrichment in the embryonic and larval CNS. Recent analysis of dHIP14 function and localization in the fly demonstrates that while the protein is Golgi localized in non-neuronal tisses, it is localized to the presynaptic compartment possibly in the plasma membrane. 33, 34 Furthermore, the lethality of dHip14 homozygotes is completely rescued by neural-specific expression of the wild-type protein. 33, 34 This builds on previous work that demonstrated that dHIP overexpression affects axon-pathfinding in the developing Drosophila embryo. 43 Finally, CG17257 has been previously identified as a head transcript that is under circadian regulation. 44 In light of these results, it will be important to pursue those DHHC proteins that appear enriched in neural tissue (CG1407, CG6627 and G17257) to determine whether their neuron-specific localization is different from the S2 cell localization presented in this study and whether there are any neuronal loss-offunction phenotypes associated with mutations in these genes.
We have also shown that CG18815 is a ubiquitously expressed gene that is the likely homolog of APT1 in the fly. Its high expression throughout development and cytoplasmic location in S2 cells is consistent with this protein being the major cytoplasmic thioesterase responsible for palmitate cycling. An EP line (EP344) that drives overexpression of CG18815 was identified in a mis-expression screen for alterations in thoracic development indicating that the modulation of palmitoylation by this thioesterase is important for specific developmental signaling events. 45 In addition, we were able to demonstrate for the first time that Drosophila Ppt1 and Ppt2 likely reside in lysosomes. Previous attempts by our group and others to produce antibodies that recognize the endogenous Ppt1 protein in Drosophila tissues have failed to generate a useable reagent for immuno-histochemistry. The lysosomal localization and normal enzyme activity of a UAS driven GFP-Ppt1 fusion in S2 cells suggests that this reagent, despite being an overexpression construct, will be useful for analyzing the in vivo localization of the protein. Specifically, it will be important to examine the localization of GFP-Ppt1 in the nervous system which is the primary tissue affected by loss of Ppt1 function in flies, mice and humans. Our work is also the first demonstration that wild-type Ppt2 activity fails to rescue the in vivo Ppt1 mutant cellular inclusion phenotypes, confirming the likely substrate differences between Ppt1 and Ppt2 that have been postulated based on mouse knock-outs and human cell culture experiments. These data indicate that rather than being general thioesterases the two proteins regulate the degradation of a specific substrate set.
In addition to pursuing mutational analysis for many of these proteins, the technology has now developed to the point where we can begin to ask about the substrate specificity of Drosophila DHHC genes. In the future, it should be possible to elucidate the full complement of Drosophila palmitoylated proteins and their cognate transferases through the use of defined genetic mutations and biochemistry. More specifically, the opportunity to define the more restricted neural palmitoylome, both transferases and substrate proteins, that are required for normal neural function will provide further insight into how palmitoylation regulates particular cellular processes and how alterations can lead to neural dysfunction.
Materials and Methods
Fly husbandry. All crosses were performed at 25°C on standard Drosophila media.
Transgenic line. The full-length Ppt2 cDNA was obtained from Drosophila Genomics Resource Center. It was initially identified as EST GH02317 using the BDGP EST database. The insert was sequenced with 2X coverage and found to contain a complete open reading frame that matched the sequence reported for Ppt2 in Flybase. The cDNA was cloned into the XhoI site of the pUAST expression vector. Transgenic flies were produced by standard methods using the pP{Wc Δ2,3} helper plasmid. Transformants were identified using the white marker gene contained in the pUAST vector, and the insertions were mapped using standard techniques. We further confirmed that the transgenic lines were overexpressing the Ppt2 message through in situ hybridization on third instar eye imaginal disc and embryonic nervous system tissue. We used the GH02317 cDNA to in vitro transcribe sense and anti-sense RNA that were then used as probes on fixed tissues.
In situ hybridization. In situ hybridization for Ppt1, Ppt2, CG18815, and all identified DHHC genes was performed on mixed stage embryos of larvae as previously described. 35 Table 1 identifies which cDNA clones were used for production of sense and anti-sense probes. These clones were identified with the Berkeley Drosophila Genome Project database and obtained from the Drosophila Genomic Research Center. For genes without a publicly available cDNA clone, PCR amplification of coding sequence was performed on genomic DNA and cloned into the dual promoter pCRII vector for probe production (Invitrogen). To determine if our in situ probes would cross-hybridize to other mRNA sequences, we performed a BLASTn analysis of the Drosophila Genome using likely anti-sense probe sequences. Only the closely related CG17195, CG17196, CG17197 and CG17198 sequences showed alignments that would suggest that gene-specific anti-sense probes for these genes may cross-hybridize. The rest of the probe set showed no likelihood of significant crosshybridization. All in situ probes were checked for robust synthesis by gel electrophoresis, hybridizations were done in duplicate, and all in situs that failed to give a significant signal were done in conjunction with positive controls.
cDNA expression panels. Expression of Ppt1, Ppt2, CG18815, and all identified DHHC genes was assayed on a panel of first-strand cDNA prepared from 12 Drosophila tissues and developmental stages (Origene Rapid Scan Gene Expression cDNA Panel). Gene specific PCR primers for each gene can be found in Supplementary Table 2 . The predicted amplification products were subjected to BLASTn analysis to determine if the primer pair set could non-specifically hybridize and amplify another cDNA sequence. No other sequences were recognized by our chosen primer sets suggesting that they were gene-specific. Each primer set was optimized on adult cDNA template using a gradient PCR amplification program. The Origene Panels are made to facilitate rapid semi-quantitative measurement of relative mRNA abundance in several Drosophila developmental stages. Briefly, the first strand cDNAs are normalized to RpL32 cDNA levels, serially diluted over a 4-log range, and arrayed into a 48 well plate. The serial dilutions ensure that an amplification reaction can be achieved that is in the linear range to facilitate comparisons. The set of primer pairs that we used in this study gave amplification products only with the most concentrated 1000x and 100x dilutions. Amplification protocols were performed as described in the Origene Rapid-Scan Panel Manual.
Northern blot. Drosophila adult total RNA was isolated from w 1118 adults using the Invitrogen PureLink Micro-to-Midi Total RNA Purification System. Approximately 10-20 μg of total RNA was run and transferred using Ambion NorthernMax protocols. A riboprobe was synthesized from BglII linearized GH02317 cDNA using Ambion MAXIscript in vitro Transcription kit, labeled using BrightStar Psoralen-Biotin Nonisotopic Labeling Kit and detected using BrightStar BioDetect Nonisotopic Detection Kit. The blot was visualized with a Kodak Image Station 440CF. Tagging DHHC proteins. Ppt1, Ppt2, CG18815, and all identified DHHC genes were amplified and cloned into the pENTR/ TOPO (Invitrogen) entry vector that is used with the Gateway cloning systems. The gene specific primers and templates used for gene amplification are shown in Supplementary Table 1. All amplifications were done with PfuUltra II Fusion HS DNA Polymerase (Stratagene). For those genes for which genomic DNA or cDNA clones could not be used as templates, we performed RT-PCR on adult total RNA using the Cloned AMV First Strand Synthesis Kit (Invitrogen). The pAWM, pTWV and pTGW Drosophila Gateway vectors were obtained from the Drosophila Genomics Research Center. For Myc-tagging, entry clones were recombined into pAWM in-frame with the C-terminal 6xMyc tag using the LR Clonase II kit (Invitrogen). For GFP/YFP labeling, entry clones were recombined in-frame into either pTWV (YFP) or pTGW (GFP). Ppt1 was cloned into pTGW, while Ppt2 and CG18815 were placed in pTWV. All clones were sequenced to confirm the open reading frame, orientation and in-frame fusion.
S2 cell growth and protein expression. S2 cells were grown at room temperature in Schneider's Drosophila Medium (GIBCO) supplemented with fetal bovine serum and antibiotics. A standard Calcium-phosphate transfection protocol (Invitrogen) was used to transiently transfect plasmid constructs for protein expression. To determine levels of protein expression, cells were harvested 2 days post-transfection and processed for immunoblotting with a rabbit anti-Myc antibody (Sigma) (data not shown).
S2 cell immunohistochemistry. S2 cells were fixed for 10 minutes at room temperature in PHEM buffer (60 mM PIPES, 25 mM HEPES, 10 mM EGTA, 4 mM MgCl 2 ) containing 5% paraformaldehyde and 0.1% Triton X-100. The fixed cells were then washed briefly in PBS and then blocked for 1 hour in PBS containing 0.1% Triton X-100 and 1% BSA. The cells were incubated in primary antibody overnight at 4°C, secondary antibodies (Jackson) for 2 hours at room temperature, and then mounted on slides in Vectashield (Vector Laboratories). The following primary antibodies were used: Rabbit anti-Myc, 1:100 (Sigma), Mouse anti-Myc, 1:200 (Abcam), Mouse anti-Drosophila Golgi, 1:100 (EMD Chemicals), Rabbit anti-GM130, 1:100 (Abcam), and Mouse anti-KDEL, 1:100 (Stressgen). We used the following minimally cross-reactive secondary antibodies: Texas Red-conjugated AffiniPure Goat AntiRabbit IgG and FITC-conjugated Affini-pure Goat Anti-Mouse IgG (Jackson). All images were acquired on an Olympus IX71 Spinning Disc Confocal Microscope and then deconvolved using Slidebook.
ER tracker staining of S2 cells. We used YFP tagged clones combined with ER tracker-red (Molecular Probes) to visualize ER localization. The tagged constructs were co-transfected with pMT-Gal4 and Gal4 expression was induced using 100 mM CuSO 4 24 hours prior to visualization. The cells were incubated in media with 500 nM ER tracker-red (Molecular Probes)/DAPI (1 μg/ml) for 30 minutes at room temperature and the cells were then fixed (without Triton X-100) as described above. All images were acquired on an Olympus IX71 Spinning Disc Confocal Microscope and then deconvolved using Slidebook.
Live cell lysosome imaging. GFP-tagged Ppt1 and YFP-tagged Ppt2 constructs were co-transfected with pMT-Gal4. Gal4 expression was induced 24 hours prior to visualization using 100 mM CuSO 4 . To visualize lysosomes, cells were incubated in 1 μM Lysotracker-Red (Molecular Probes)/DAPI (1 μg/ml)/PBS for 5 minutes at room temperature, placed on a slide, and immediately imaged. All images were acquired on an Olympus IX71 Spinning Disc Confocal Microscope and then deconvolved using Slidebook.
Co-localization statistics. We employed Pearson's Correlation to statistically analyze the co-localization of tagged transferases and thioesterases and the organellar markers used in this study. Pearson's Correlation compares the intensity in one channel to the intensity in a second channel for the same pixel. A value of -1.0 signifies no correlation, while a value of 1.0 signifies perfect correlation. In our experiments, we created a mask that encompassed the pixels representing the tagged proteins in all planes of a Z-section. The pixel intensities for the tagged proteins were then compared to the intensities of the cell markers we used to produce a correlation value (r). All statistical analyses were preformed using Slidebook.
Transmission electron microscopy. Dissected brains of Df (1) /+ flies were fixed in 6.5% glutaraldehyde in 0.1 M sodium phosphate buffer at pH 7.4 for 3-3.5 hours. The fixed brains were washed in phosphate and 0.1 M sodium cacodylate buffers twice for 10 minutes at pH 7.4. After washing, the tissue was post-fixed in 1% osmium in cacodylate buffer for 1 hour and again washed for 5 minutes in water. Pre-staining was performed in 2% uranyl acetate for 30 minutes followed by an additional wash in water for 5 minutes. The brains were then dehydrated in an acetone series and embedded in Epon 812/Araldite. Sections of both genotypes were stained with uranyl acetate and Reynold's lead and viewed with a Zeiss 910 transmission electron microscope. Age-matched flies of each genotype were used for the analysis.
Ppt1 enzyme assay. Ppt1 enzyme activity levels were assayed as described in Hickey et al. 2006 . 31 The heads of single flies of the correct genotype were dissected and placed in individual wells of a 96-well plate on ice. Each well was then filled with 20 μl of ddH 2 O and 10 μl of substrate (0.375 mg/ml 4MU-6S-palm-β-Glc substrate (Moscerdam Substrates); 0.2 M Na phosphate/0.1 M citrate, pH 4.0; 15 mM DTT; 0.09% BSA, 5 U/ml β-glucosidase). The individual heads were homogenized in the substrate buffer using a 96-well plate homogenizer (Burkard Scientific, UK). The homogenate was incubated for two hours at 30°C. The reaction was stopped by adding 100 μl of stop buffer (0.5 M NaHCO 3 /Na 2 CO 3 pH 10.7, 0.025% triton X-100) and then the amount of fluorescence at 460 nm was read on a Perkin Elmer HTS7000 BioAssay Reader.
Note
Supplementary Material can be found at: http://www.landesbioscience.com/supplement/BannanFLY2-4-sup.pdf
